We investigated random telegraph signals and 1/f noise in a submicron metal-oxidesemiconductor field-effect transistor at low temperatures in the Coulomb-blockade regime. The rich noise characteristics were studied as a function of gate voltage, drain current, and temperature, both in and beyond the Ohmic regime. The results can be understood within a simple model assuming a uniform potential fluctuation of constant magnitude at the location of the dot. Clear signatures of electron heating are found from the noise at higher currents.
I. INTRODUCTION
Coulomb oscillations observed in the conductance of a quantum-dot system originate from the discreteness of electrical charge and the spatial confinement of particles. Already in an early stage, it was recognized that such a system can be employed as an ultrasensitive electrometer, able to detect charge variations well below that of a single electron. 1 By the same token, the quantum dot is inherently sensitive to fields induced by background charges from defects and impurities. Since not all charges are stationary, the conductance is expected to fluctuate in time, producing noise. In submicron semiconductor devices, it is often observed that the resistance fluctuates randomly between two discrete levels. These so-called random telegraph signals ͑RTSs͒ have yielded detailed information on the transport properties of devices made of silicon 2, 3 and III-V materials. 4, 5 Furthermore, since a RTS generally represents the action of one single fluctuator, it can serve as a basis for generally understanding and controlling other types of noise where several fluctuators are acting simultaneously 4, 5 ͑e.g., 1/f noise͒. Despite the fact that single electron tunneling has received a wide interest, noise phenomena have proven difficult to investigate 1, 6, 7 at the ultralow temperatures and voltages generally required in order to find the devices in the Coulombblockade regime. In this article, we present and discuss the rich phenomena that accompany the effects of RTS and 1/f noise on the Coulomb oscillations in submicron metaloxide-semiconductor field-effect transistors ͑MOSFETs͒. We make the noise properties in this regime accessible to experiments over a wide range of currents and temperatures by choosing a device that possesses a quite small quantum dot ͑radius ϳ35 nm͒ with a typical charging energy of several milli-electron volts. In our experiment, we observed a clear oscillatory behavior of the noise intensity with a twotimes shorter period than the Coulomb oscillations for low currents and a strong suppression for high currents. All observations are accounted for by a simple model based on a fluctuating potential at the quantum dot. Beyond the Ohmic regime, our analysis clearly shows that electron heating plays a prominent role.
II. DEVICE
All measurements reported here are performed on a narrow silicon-on-insulator MOSFET with a length Lϭ0.2 m and width Wϭ0.1 m. In contrast to conventional devices, the 100-nm-thick silicon channel is surrounded on three sides by a poly-silicon gate. 8 At liquid helium temperatures and around threshold, a series of roughly equidistant conductance peaks is observed when varying the gate voltage V G . These Coulomb oscillations mark the presence of a quantum dot in the random potential landscape in the silicon channel. 
III. TELEGRAPH SIGNALS
In the experiments, a constant current was driven through the device and the drain voltage was measured using a low-noise amplifier ͑LI-75A͒ and a digital voltage meter or, in the frequency domain, an Advantest spectrum analyzer. At liquid helium temperatures and specific gate voltages, the voltage on the drain is found to fluctuate randomly between two discrete levels ͑Fig. 1, upper panel͒, pointing to the action of one single fluctuator. However, occasionally additional discrete levels were encountered, evidence for several fluctuators acting simultaneously. Although in these cases the contributions were generally found to be independent, in a few cases a clear interaction between the fluctuators was observed ͑Fig. 1, lower panel͒.
A. Gate-voltage dependence
In order to study the RTS amplitude, V G was slowly scanned, while keeping the bias current constant. The drain voltage V D was monitored with a high time resolution. It is clearly seen from From Fig. 2͑a͒ we observe that the most prominent effect of the fluctuator is to produce a shift of the conductance curves along the horizontal axis. Since the potential of our quantum dot is directly proportional to the voltage on the gate, we conclude that the fluctuating entity affects the potential of the dot and as a result the conductance G. If we assume that the potential at the position of the dot fluctuates uniformly, the geometry of the quantum dot can be taken constant and the potential shift ⌬ acts as an effective change ⌬V G eff in V G . In that picture, V D switches randomly between two identical, but shifted Coulomb-blockade curves.
For most RTSs the horizontal shift appears to be small compared with the oscillation period. Therefore, we can approximate the conductance fluctuation to first order, using the direct proportionality between and V G : ⌬G
This approach is similar to an earlier analysis of our group for RTS in quantum point contacts. 4, 5 These equations by their nature produce a vanishing RTS amplitude exactly at the conductance peaks and valleys, where ‫ץ‬G/‫ץ‬V G vanishes. Indeed, the experimentally observed minima in the amplitude coincide with the Coulomb-curve crossings that are located close to the peaks and valleys. We will see later that our simple picture provides a way to further analyze and understand the RTS as it depends on current and temperature, where the characteristics of the RTS do not appear so evident as in Fig. 2 .
B. Current dependence
The upper panel of Fig. 3 shows the time-resolved current-voltage (I -V) characteristics of the quantum dot. For a constant gate voltage, the current is slowly increased while the fluctuating drain voltage is monitored with a high time resolution. The voltage on the drain is apparently fluctuating randomly between two discrete values. In fact, two different I -V curves can be distinguished. To show this to better advantage, the switching amplitude is plotted in the middle panel of Fig. 3 . At low currents, a linear increase in amplitude is observed, implying that the fluctuations of the drain voltage are the result of a fluctuating resistance: The current only serves to probe the resistance fluctuations, but does not affect them. For higher currents, however, the switching amplitude is observed to saturate, reach a maximum, and finally drops to zero. Around 50 nA, before the RTS amplitude reaches the zero value, the RTS becomes quite faint. Studies of the dynamics of the RTS indicate that at these currents the switching rates increase rapidly and become too fast to be tracked by our setup. This behavior co- incides with the nonlinearities apparent in the I -V curves in the upper panel and reflects the rich physics of transport through our quantum dot at high biasing, that we now wish to elucidate.
At this point, we carry the analysis to the regime of high current biasing, where the relation between drain voltage and the differential conductance is not immediately obvious and we rewrite the RTS in terms of
When the properties of our quantum dot are all known to sufficient precision, the factor ‫ץ‬V D /‫ץ‬V G can, of course, in principle be computed from standard transport theories, but only in the linear response. Since we will not limit ourselves to low-bias conditions and do not know all the details of the dot, we choose an empirical approach. We determine the response of the quantum dot to a fluctuating signal by adding a small voltage modulation ͑41 Hz͒ to the gate contact and measuring the resulting drain voltage modulation at the same frequency. The applied voltage modulation takes over the role of the potential fluctuation caused by the microscopic entity and we directly measure the derivative ‫ץ‬V D /‫ץ‬V G .
In the lower panel of Fig. 3 , the resulting ͉‫ץ‬V D /‫ץ‬V G ͉ is plotted versus current for V G ϭ1.274 and Tϭ1.9 K. It exhibits exactly the same characteristics as the amplitude of the telegraph signal, but can be measured at currents where the RTS becomes too fast to observe. At around 70 nA this quantity becomes zero and rises again, which corresponds to a sign reversal of ‫ץ‬V D /‫ץ‬V G . This behavior of the RTS amplitude versus V D can be traced back to current heating in the quantum-dot system. In conventional conductance measurements we have found namely, that the Coulomb peaks broaden for currents higher than approximately 20 nA. The conductance at the peaks decreases while the conductance at the valleys increases with current. This is exactly the same behavior that we have found for the temperature dependence at low currents. Since the Coulomb-blockade oscillations versus V G flatten and vanish, the RTS amplitude decreases strongly for currents higher than 40 nA. We note that the sign reversal observed for ͉‫ץ‬V D /‫ץ‬V G ͉ in Fig. 3͑c͒ can be found in the RTS amplitude, for some fluctuators that can be monitored over a larger current span. A vanishing RTS amplitude and a striking insensitivity of the quantum dot for potential fluctuations, are thus not only observed at the crossings in the gate-voltage dependence but also in the current dependence. At these specific bias conditions, the drain voltage is constant in time despite the fact that the quantum dot is exposed to a fluctuating potential.
C. Temperature dependence
Next, we examine the temperature dependence of the RTS amplitude. For a range of temperatures, the RTS amplitude and ‫ץ‬V D /‫ץ‬V G versus T were measured at a fixed gate voltage and low constant current. The results of Fig. 4 , again show that the RTS amplitude is linearly proportional to ‫ץ‬V D /‫ץ‬V G between 1.8 and 10 K and that both quantities decrease monotonously for increasing temperature. As in case of current heating described earlier, this decrease is the result of a broadening of the conductance peaks, but now due to purely thermal equilibrium effects.
Apparently, all phenomena concerning the amplitude of the RTS in our quantum dot versus gate voltage, current, and temperature can be traced back to a microscopic fluctuator producing a single, fixed potential fluctuation ⌬ at the location of the quantum dot. Generally, ⌬ depends on the nature of the fluctuator, the distance to the dot, and the effectiveness of electronic screening. Using the conversion factor ␣ determined previously from the electrical properties of our dot, 8 ⌬ can be computed from ⌬V G eff . For the shift of Fig. 2 , we find ⌬ϭ0.7 mV which corresponds with an induced polarization charge ⌬q on the dot of 0.17 e. Other RTSs in the same device produce values for ⌬ ranging from 0.19 to 0.8 mV. These numbers are comparable to those reported in III-V devices. 9, 10 We stress that the magnitude of the potential shift as determined from our type of noise experiments can provide fundamental insight on the nature of electronic screening in mesoscopic disordered systems.
IV. 1/f NOISE
So far, we have focused on RTSs which can be easily identified in the time domain because the resistance is fluctuating between discrete values. At this point we broaden our scope and focus on less evident types of noise that must be studied in the frequency domain. The RTSs discussed until now, are found exclusively in specific gate-voltage ranges and obviously result in a noise spectral density S V D with a clear Lorentzian line shape. At other gate voltages however, S V D is substantially weaker and generally intermediate between a Lorentzian and pure 1/f noise.
A. Current Dependence
To elucidate the origin of the weaker noise sources, we studied the current dependence ͑not shown͒. In the Ohmic regime, no change in the shape of the spectrum is observed, indicating that the dynamical properties are independent of current. Further, S V D increases quadratically with I D and in this regime therefore quadratically with V D . This is clear evidence that we are dealing with resistance noise. For higher currents, however, beyond the Ohmic regime, S V D is found to collapse while at same time the characteristic frequencies shift to higher values. This typical behavior exhibits strong analogies with Fig. 3͑b͒ , where a strong decline in RTS amplitude is accompanied with an enhanced switching rate.
B. Gate-voltage dependence
Our analysis can be elaborated further by examining the gate-voltage dependence. Fig. 5͑b͒ is again half that of the Coulomb oscillations in Fig. 5͑a͒ , exactly what we observed for the RTS amplitude in case of a single fluctuator ͓Fig. 2͑b͔͒. Furthermore, our observations clearly show that the shape of the spectrum, and hence, the dynamical properties depend on gate voltage: at V G Ϸ1.24 V, for example, the data for f ϭ10 Hz and f ϭ100 Hz coincide and a purely 1/f spectrum is observed ͑not shown͒, while around V G ϭ1.26 V, the two data sets differ considerably and a Lorentzian contribution to the spectrum is found ͑not shown͒. The prime feature of Fig. 5͑b͒ , however, is the explicit oscillation in the noise intensity versus V G over almost two orders of magnitude and a strong suppression of the noise at the conductance peaks and valleys. We now demonstrate that the low-frequency noise in the quantum-dot system is consistent with a uniformly fluctuating potential created by a fixed distribution of fluctuators: 
2 as determined from the time-averaged characteristics ͓Fig. 5͑a͔͒. Any deviations originate from the fact that we did not incorporate the gate-voltage dependence of the shape of the noise spectrum. Our findings demonstrate that a simple model based on the time-averaged transport properties can reproduce the overall behavior of the relative noise intensity at low currents if one treats the low-frequency noise as the result of a complex superposition of an ensemble of fluctuators.
V. CONCLUSIONS
In conclusion, we have studied low-frequency noise in a disordered quantum-dot system. We observe RTS and 1/f noise depending on the gate voltage used. A clear oscillatory behavior is found for both types of noise versus V G . The RTS amplitude is strongly suppressed for high currents pointing to heating of the electrons. All results can be accounted for by a simple model, based on a temporal fluctuation of the local potential. For the RTS this potential fluctuation is produced by one single fluctuator and ranges from 0.19 to 0.8 mV. The potential fluctuations are roughly constant over the range of parameters, while the dependences of the low-frequency noise on gate voltage, current, and temperature are exclusively determined by the time-averaged properties of the dot. Our work shows that a detailed analysis of the RTS amplitude and dynamics is feasible in silicon quantum dot systems. This will prove to be important to shed new light on screening and electronic heating effects in narrow silicon channels.
